Sterile neutrinos are among the most attractive extensions of the SM to generate the light neutrino masses observed in neutrino oscillation experiments. When the sterile neutrinos are subject to a protective symmetry, they can have masses around the electroweak scale and potentially large neutrino Yukawa couplings, which makes them testable at planned future particle colliders. We systematically discuss the production and decay channels at electron-positron, proton-proton and electron-proton colliders and provide a complete list of the leading order signatures for sterile neutrino searches. Among other things, we discuss several novel search channels, and present a first look at the possible sensitivities for the active-sterile mixings and the heavy neutrino masses. We compare the performance of the different collider types and discuss their complementarity.
Introduction
The main physics goal of future particle colliders is to test the current Standard Model (SM) of elementary particles and to search for effects of new physics, i.e. new particles and new interactions not present in the SM. The existence of such new physics is guaranteed by various observations from particle physics as well as from cosmology, which can not be explained within the SM (and the present cosmological model based on general relativity as the theory of gravity).
The discovery of the/a Higgs boson by the ATLAS [1] and CMS [2] experiments at the LHC plays an important rôle for the search strategies for new physics at future colliders. To start with, although the discovered Higgs boson is compatible with the one of the SM, its properties are not really well tested to date. This leaves a lot of room for deviations of the Higgs properties from the SM predictions. Indeed, various extensions of the SM predict a non-minimal Higgs sector. Furthermore, even for a minimal Higgs sector important questions regarding the Higgs boson, related to its "task" of giving mass to elementary particles, are currently unanswered. For example, it is not tested that the Higgs is indeed generating its own mass, which requires the measurement of the Higgs self-coupling.
Another puzzle related to elementary particle masses and * E-mail: stefan.antusch@unibas.ch † E-mail: e.cazzato@unibas.ch ‡ E-mail: oliver.fischer@unibas.ch the Higgs sector is the origin of neutrino masses. Generating masses for the light neutrinos would require either an extended Higgs sector or the addition of extra neutral fermions (which are gauge singlets and therefore often referred to as "sterile" neutrinos) plus a coupling of the neutrinos to the discovered Higgs boson. A precision study of Higgs properties at future colliders may thus shed light on the question how to extend the SM in order to include the observed neutrino masses.
In addition to their interactions with the Higgs boson, the sterile neutrinos, or, more precisely, the heavy neutrino mass eigenstates, which are an admixture of the active neutrinos of the SM and the extra sterile states, also interact with the weak gauge bosons. This leads to various production and decay channels, and corresponding signatures at future electron-positron (e − e + ), proton-proton (pp) and electronproton (e − p) colliders.
The aim of this article is to provide a systematic discussion and assessment of these signatures for sterile neutrino searches. We discuss a list of the leading order signatures, comprising the production and decay channels and their dependencies on the active-sterile neutrino mixing parameters, lepton-number-violating (LNV) and lepton-flavour-violating (LFV) effects, vertex displacement and non-unitarity effects. We discuss several novel search channels, for which we present "first looks" at the sensitivities for the activesterile mixing parameters and sterile neutrino masses, as EW scale neutrino models with a protective "lepton number"-like symmetry, such as the used SPSS benchmark model [3] , can have sterile neutrino masses in the relevant range for particle collider experiments, shown by the green area, with Yukawa couplings above the naïve expectation, which is denoted by the blue lines.
well as updated sensitivity estimates. We summarize the estimated sensitivites for the FCC-ee, CEPC, HL-LHC, FCChh/SppC, LHeC and FCC-eh and compare them for the different collider types.
For the sensitivity estimates we consider low scale seesaw scenarios with a protective "lepton number"-like symmetry, using the Symmetry Protected Seesaw Scenario (SPSS) as benchmark model (cf. section 2.1), where the masses of the sterile states can be around the electroweak scale (cf. fig. 1 ).
Theoretical framework
Mass terms for SM neutrino masses can be introduced when right-handed (i.e. sterile) neutrinos are added to the field content of the SM. These sterile neutrinos are singlets under the gauge symmetries of the SM, which means they can have a direct (so-called Majorana) mass term, that involves exclusively the sterile neutrinos, as well as Yukawa couplings to the three active (SM) neutrinos contained in the SU(2) Llepton doublets and the Higgs doublet.
In the simplistic case of only one active and one sterile neutrino, with a large mass M and a Yukawa coupling y such that M y ν v EW , where v EW denotes the vacuum expectation value (vev) of the neutral component of the Higgs SU(2) L -doublet, the mass of the light neutrino m is given by m ≈ y 2 ν v 2 EW /M , while the heavy state has a mass ∼ M . The prospects for observing such a sterile neutrino at colliders are not very promising, since in order to explain the small mass of the light neutrinos (below, say, 0.2 eV), the mass of the heavy state would either have to be of the order of the Grand Unification (GUT) scale, for a Yukawa coupling of O(1), or the Yukawa coupling would have to be tiny and the active-sterile mixing would be highly suppressed.
However, in the realistic case of three active neutrinos and two 1 or more sterile neutrinos, the simple relation from above no longer holds and the possible values of the masses of the sterile neutrinos and the Yukawa couplings have to be reconsidered. In particular, if the theory comprises for instance an approximate "lepton number"-like symmetry or a suitable discrete symmetry, one finds that sterile neutrinos with masses around the electroweak (EW) scale and unsuppressed (up to O(1)) Yukawa couplings are theoretically allowed, and due to the protective "lepton number"-like symmetry the scenario is stable under radiative corrections.
This scenario has the attractive features that the new physics scale lies not (much) above the EW scale -which avoids an explicit hierarchy problem -and that no unmotivated tiny couplings have to be introduced. Various models of this type are known in the literature (see e.g. [4] [5] [6] [7] [8] [9] ). One example is the so-called "inverse seesaw" [4, 5] , where the relation between the masses of the light and sterile neutrinos are schematically given by m ≈ y
2 , where is a small quantity that parametrizes the breaking of the protective symmetry. As controls the magnitude of the light neutrino masses, the coupling y ν can in principle be large for any given M .
Sterile neutrinos with EW scale masses
The relevant features of seesaw models with such a protective "lepton number"-like symmetry were for instance discussed in refs. [4] [5] [6] [7] [8] [9] ), and may be represented by the benchmark model that was introduced in [3] , referred to as the Symmetry Protected Seesaw Scenario (SPSS) in the following. The Lagrangian density of the SPSS, considering a pair of sterile neutrinos N 1 R and N 2 R , is given in the symmetric limit ( = 0) by
where L SM contains the usual SM field content and with L α , (α = e, µ, τ ), and φ being the lepton and Higgs doublets, respectively. The dots indicate possible terms for additional sterile neutrinos, which we explicitly allow for provided that their mixings with the other neutrinos are negligible, or that their masses are very large, such that their effects are irrelevant for collider searches. The y να are the complex-valued neutrino Yukawa couplings, and the mass M can be chosen real without loss of generality.
As explained above, masses for the light neutrinos are generated when the protective symmetry gets broken. In this rather general framework, the neutrino Yukawa couplings y να and the sterile neutrino mass scale M are essentially free parameters, and M can well be around the EW scale. From eq. (1), we obtain the mass matrix M of the relevant neutral fermions, i.e. the active neutrinos and the two sterile neutrinos N 1 R and N 2 R , after EW symmetry breaking. It can be diagonalised with the unitary 5 × 5 leptonic mixing matrix U :
The resulting mass eigenstates are the three light neutrinos ν i (i = 1, 2, 3), which are massless in the symmetric limit, and two heavy neutrinos N j (j = 1, 2) with approximately degenerate mass eigenvalues M (in the symmetric limit). The mixing of the active and sterile neutrinos can be quantified by the mixing angles and their magnitude:
The leptonic mixing matrix U is unitary up to second order in θ α . The elements of the non-unitary 3 × 3 submatrix N , which is the effective mixing matrix of the three active neutrinos, i.e. the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix relevant for neutrino oscillation experiments, are given as
with U being a unitary 3 × 3 matrix. When the Higgs boson develops its vacuum expectation value the light and heavy neutrino mass eigenstates emerge as admixtures of the active and sterile neutrinos. The weak currents in the mass basis are given by
with U the leptonic mixing matrix in eq. (4), g being the weak coupling constant, c W the cosine of the Weinberg angle and P L = 1 2 (1 − γ 5 ) the left-chiral projection operator, and where we introduced the neutrino mass eigenstates
with the definition
The weak currents involving the heavy neutrinos can be expressed as
with the definition:
The Yukawa part of the Lagrangian density in the mass basis to leading order in the active-sterile mixing angle, is
with h = √ 2 Re(φ 0 ) being the real scalar Higgs boson. In the limit of exact symmetry, the SPSS benchmark model introduces seven additional parameters to the theory, the moduli of the neutrino Yukawa couplings (|y νe |, |y νµ |, |y ντ |), their respective phase, and the mass M . The phases are difficult to measure at colliders. They may be accessible in neutrino oscillation experiments (see e.g. [10, 11] ). In the following we will restrict ourselves to the four parameters |y νe |, |y νµ |, |y ντ | and M .
Heavy neutrino production and decay
in e − e + , pp and e − p collisions
In this section we discuss the dominant production channels of the heavy neutrino mass eigenstates in e − e + , pp and e − p collisions, and their subsequent decays at the leading order. In this line, we address the dependency on active-sterile mixing angles for the different processes, and we comment on the occurrence of observable lepton number violating (LNV) and lepton flavour violating (LFV) effects.
Production processes
The heavy neutrino states can be produced in high energy collisions by the weak interaction (see eq. (10) and eq. (11)) or the Higgs boson (see eq. (13)). The production processes for heavy neutrino mass eigenstates at leading order in the active-sterile mixing angles and in the weak coupling constant, are given in the first column of fig. 2 . We now specify the relevant production channels for the e − e + , pp and e − p colliders (for a summary cf. tab. 1):
• e − e + colliders: There are two dominant production channels. One is given by the exchange of a W boson in Pictographic representation of the different heavy neutrino production and decay channels at leading order, including the dependency of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at different collider types.
the t-channel, labelled with W t in fig. 2 , where X = e in the initial state is the anti particle to e = e − , e + and Y = ν (where we suppressed the indices of the light neutrino mass eigenstates for simplicity). Another production channel is depicted by the diagram labelled Z s , where the initial states {X, X} are the electron positron pair { e , e }. A sub-dominant channel is given by Higgs boson decays into heavy and light neutrinos, given by the diagram labelled h. The Higgs boson can be produced for instance via Higgs strahlung or W W boson fusion. We note that its production from the e − e + pair is usually negligible, due to the smallness of the electron Yukawa coupling. The sub-dominant channel via the Higgs can be relevant when the heavy neutrino mass M is below the Higgs boson mass m h .
• pp colliders: The dominant production channels for heavy neutrinos in proton-proton collisions are DrellYan processes. In fig. 2 they are denoted by the diagrams labelled W s , with {X, X } = {q u , q d } or {q d , q u }, and Z s , with {X, X} = {q, q}, where q u , q d , q are uptype quarks, down-type quarks, and constituents of the proton, respectively. A sub-dominant process at higher order is given by W γ fusion with initial states {q, γ}, which is further suppressed by the photon's parton distribution function (PDF). Also at pp colliders, the production of heavy neutrinos from diagram h are subdominant. The Higgs boson can be produced, for instance, via vector boson fusion (including gluons).
• e − p colliders: The dominant production channel for heavy neutrinos is given by the diagram W t in fig. 2 . In electron-proton collisions, X is a proton constituent (e.g. a quark) and Y is the isospin partner of X. Another leading order production channel is given by W γ fusion, labelled W (γ) t , with X = γ and Y = W − which is, contrary to the pp colliders, only suppressed by the photon's PDF. Furthermore, for M < m h the production via the Higgs boson is possible, when the latter is produced via vector boson fusion, which is, however a process of higher order.
Signal channels
For the here considered sterile neutrino masses, all the heavy neutrino mass eigenstates will decay according to the second column of fig. 2 . Also the Z, W and Higgs bosons decay further into SM particles. The possible final states from the production and decay of heavy neutrinos constitute the different signatures for sterile neutrino searches. We display them in the third column of fig. 2 and denote for which collider they have a production channel at leading order.
Remarks on lepton number violation (LNV)
We note that in our benchmark model there is no LNV due to the exact protective symmetry. When neutrino masses are generated from small perturbations of the structure in eq. (1), LNV effects will be introduced, however suppressed by the (approximate) protective symmetry. For the following comment, we assume such small perturbations to be present.
When light neutrinos are in the final states, it is in general difficult to experimentally measure LNV, since the light neutrinos escape the detector without revealing their lepton number. 3 An overview of the lepton number violating processes for the different colliders is shown in tab. 1. Therein, we only indicate channels with LNV if no light neutrinos are present in the final state, i.e. if there exists an unambiguous signature for LNV.
In e − e + collisions, at leading order, LNV processes always give rise to a light neutrino in the final state such that, as mentioned above, there is no unambiguous LNV signature. We remark that, using the different kinematics of signature and background final states with different light neutrino lepton number, it might nevertheless be possible to find a signal of LNV at e − e + colliders. In pp collisions the final state ± α ± β jj, where j denotes a hadronic jet, unambiguously violates lepton number by two units and is often called "same sign di-lepton". The final state ± α ± β ∓ γ ν is produced by both, lepton number violating and conserving processes, and is often called "trilepton".
In e − p collisions, the final state + β jjj unambiguously violates lepton number by two units, while j ± β ∓ γ ν can be produced from lepton number conserving or violating processes. Furthermore, additional LNV signatures exist with heavy neutrino production via W γ fusion, as will be discussed in section 5.
Remarks on lepton flavour violation (LFV)
In the SM, lepton flavour (LF) is conserved since neutrinos are massless and the neutrino flavour eigenstates are always produced in conjunction with the corresponding charged lepton flavour (and mass) eigenstates. In the presence of sterile neutrinos, this is no longer the case and LFV final states are to be expected. Decay channel Table 2 : Summary of the dependencies on the active-sterile mixing parameters from the different production and decay channels on the cross section level in the narrow width approximation (and in leading order). The active-sterile mixing parameter |θ| 2 is defined in eq. (3).
As for LNV, also here we note that when light neutrinos are in the final states, it can be difficult to experimentally measure LFV, since the light neutrinos escape the detector without revealing their flavour composition. However, for final states without neutrinos, or with less neutrinos involved than charged leptons, there can nevertheless be unambiguous signatures for LFV at the parton level. We remark that SM processes that lead to final states with additional neutrinos provide an important background at the reconstructed level.
At pp and e − p colliders, it is possible to have unambiguous signals for LFV at the parton level, without neutrinos in the final state, for instance the signature α β jj with α = β at pp colliders and α jjj with α = e at e − p colliders. Unambiguous parton level signatures with one neutrino in the final state are e µ τ ν at pp colliders and j − α + β ν with α = e and α = β at e − p colliders. Further LFV signatures exist with W γ fusion and at higher order.
In e − e + collisions, there are no unambiguous signatures at tree-level, but efficient searches are in principle possible via LFV Z and Higgs boson decays, which, in the presence of sterile neutrinos, are induced at loop level.
General remarks
Here we discuss some features from sterile neutrinos, and we specify the dependency of the different decay channels on the active-sterile mixing parameters θ α , α = e, µ, τ .
• Indirect effects from PMNS non-unitarity: Even if the heavy neutrinos are not produced directly in collisions, they can nevertheless have indirect effects from the induced non-unitarity of the PMNS matrix, i.e. of the matrix N in eq. (4). We will discuss these effects in more detail in the following sections.
• Reconstruction of the sterile neutrino mass M : The semi-leptonic decays of the heavy neutrino (N → jj) feature a "bump", corresponding to the mass of the heavy neutrino, in the invariant mass spectrum of the jj system. Although at pp and e − p colliders only transverse observables are available, one can in principle use this for reconstructing the sterile neutrino mass parameter M .
• Vertex displacement: Heavy neutrinos with masses below the W boson mass and with very small active-sterile mixings can have a long lifetime that leads to a displacement of the decay products from the interaction point. This is an exotic signature and can be searched for at all three particle collider types.
• Dependencies on the mixing angles: The dependencies of the different production and decay processes to the |θ α | can be read off of the first and second columns of fig. 2 , respectively. We summarize the possible combinations in tab. 2, which correspond to the signatures on the cross section level in narrow width approximation (and in leading order).
The production of heavy neutrinos at e − e + colliders via the process Z s and at pp colliders via the processes W s , Z s is sensitive to the sum |θ| 2 . Conversely, the heavy neutrino production process at e − e + and e − p colliders via W t is sensitive to |θ e | 2 .
The relative strengths of the mixing angles |θ α | and their combinations |θ α θ β | can be inferred in principle via the channels involving charged leptons.
Present constraints
The present constraints from past and ongoing experiments for sterile neutrinos have been presented and discussed in [3, 12, 13] , using the SPSS as benchmark scenario. A general overview of sterile neutrino extensions of the SM and their observable effects can be found, e.g., in the review [14] . Further observable features of various models with right-handed neutrinos were studied, e.g., in refs. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In this section, we give a short summary of the present constraints on the three neutrino Yukawa couplings y να (or, equivalently, the active-sterile mixing parameters θ α ) for masses M between 10 GeV and 250 GeV that are taken from ref. [3] .
Indirect searches in electroweak precision data
In the presence of sterile neutrinos, the mixing matrix of the three active neutrinos, i.e. N in eq. (4) and (5), is effectively non-unitary (see e.g. [31, 32] ). The subsequent modification of the weak currents then leads to modified predictions for electroweak observables compared to the SM, which constitutes an "indirect" effect and allows to test these models via precision measurements. For instance, the Fermi constant G F that prominently enters many theory predictions for the EWPOs, is (one of) the main source(s) for the non-unitarity effects. It is inferred from muon decays and due to the modification of the weak currents, the theory prediction for G F is sensitive to the active-sterile mixing parameters. Assuming M > m µ , one has on the cross-section level
such that one obtains the modified Fermi constant G µ :
As a consequence this affects the theory prediction for other electroweak observables, such as the weak mixing angle θ W , the W boson mass, etc. Further observables that are affected by the modification of the weak currents are lepton-universality, rare charged lepton flavour violating decays, CKM unitarity tests, and low energy measurements of the weak mixing angle. A detailed list of the modified predictions can be found in refs. [3, 12] and references therein, and also for a similar setup in ref. [28] . We show the resulting experimental constraints on the three active-sterile mixing parameters, |θ α |, (α = e, µ, τ ) from ref. [3] as blue lines in fig. 3 .
Indirect searches in Higgs boson decays
The measurement of the branching ratios of the Higgs boson at the LHC allows to constrain the contribution from its decays to neutrinos. Higgs boson decays into neutrinos are possible due to the neutrino Yukawa term in eq. (1) for M ≤ m h , which modify the total Higgs boson decay width and branching ratios. From the combined measurements for the branching ratios of h → V V (V = γ, Z, W ) from ATLAS and CMS, h → γγ is found to be most sensitive to the active-sterile mixing parameters. Its bound is used to limit the partial decay width Γ(h → νN ), which constrains the sum of the squared sterile mixing angles |θ| 2 , see in fig. 3 as was derived in ref. [3] . Further constraints from the LHC measurements of the Higgs boson couplings were studied in refs. [33, 34] . Figure 3 : Summary of present constraints on sterile neutrino properties taken from ref. [3] .
Direct searches at LEP and the LHC
Direct searches for sterile neutrinos comprise processes in which a heavy neutrino is produced on-shell and then decays into SM particles. The presently most sensitive direct constraints are given by sterile neutrino production in Z boson decays (the production channel Z s for M < m Z ), four lepton final states from W W decays, and lepton-numberviolating signatures. From the analyses for heavy neutral lepton searches at the Z-pole conducted by the LEP-I collaborations DELPHI [35] , OPAL [36] , ALEPH [37] and L3 [38] , one gathers that the most stringent bound is on the branching ratio Z → ν N from DELPHI, given at 95% C.L. as
This bound constrains the sum of the squared active-sterile mixing angles, |θ| 2 , and is shown in fig.3 (cf. ref. [3] ). The cross section for W W production was studied by analyzing four lepton final states at and beyond the W W threshold at LEP-II. The ALEPH collaboration has set bounds on deviations of the SM cross section for four lepton final states at the 1σ C.L. from which a constraint for the active-sterile mixing parameter |θ e | can be inferred, cf. ref. [3] , as is shown in fig. 3 by the green line.
We remark that the lepton number violating "same sign di-lepton" signature also provides a promising search channel at the LHC. 4 Presently, the resulting constraints on the active-sterile mixing parameters are, however, not competitive with the indirect constraints from LEP (cf. ref. [39] ).
3 Searches at future e − e + colliders Future lepton colliders aim at providing high-precision measurements of collision data. They are designed to study rare Z, W , Higgs boson and top decays, which may give insight into physics beyond the SM.
Presently, two types of lepton collider layouts are pursued: circular accelerators with particularly high luminosities at energies below ∼ 350 GeV and the linear accelerators that can achieve center-of-mass energies up to ∼ 1 TeV and beyond, and which also allow for highly polarized beams. The presently discussed linear accelerators are the International Linear Collider (ILC), which has completed its technical design, and the Compact LInear Collider (CLIC), which is currently undergoing its technical design phase.
The two presently discussed circular accelerators, the Circular Electron Positron Collider (CEPC) and the Future Circular Collider (FCC-ee), are in their conceptual phase.
Each of these planned colliders has its own unique physics program, defined by a target luminosity for specific centerof-mass energies. A physics program can encompass a Zpole run, a W W threshold run, SM Higgs physics, a top threshold run, and high energy runs, which may allow testing rare SM processes. The physics program for the circular and linear colliders is shown in the left and right panel of fig. 4 , respectively.
Extensive searches for sterile neutrinos have been performed at LEP, as discussed in section 2.3 on present constraints. In this section we discuss the different search channels for sterile neutrinos at lepton colliders, including novel ones, and present updated sensitivities. For the sensitivity estimates for future colliders, we focus on the CEPC and FCC-ee. We will present the sensitivity estimates for the ILC and CLIC elsewhere.
Production mechanism
As discussed in sec. 2.2.1 heavy neutrino production proceeds via the channels Z s and W t , with the corresponding Feynman diagrams depicted in fig. 5 , which are both proportional to the active-sterile mixings |θ| 2 and |θ e | 2 , respectively, when summed over all light neutrinos. Both production mechanisms give rise to a heavy neutrino that is accompanied by a light neutrino. For the CEPC we use the exemplary integrated luminosities from the preCDR [40] . For the FCCee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation scenario from ref. [44] , and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46] .
We define the heavy neutrino production cross section, to leading order in the small active-sterile mixing, by
where the sum is taken over all the light neutrino (i = 1, 2, 3) and heavy neutrino (j = 1, 2) mass eigenstates. We display the dependency of the cross sections on the sterile neutrino mass M for the different physics runs and for the different accelerator layouts in fig. 6 . The cross sections were evaluated by implementing the SPSS via Feynrules [47] into the Monte Carlo event generator WHIZARD [48, 49] , where initial state radiation and only for the linear colliders lepton beam polarisation has been included. We remark that for √ s m z heavy neutrino production proceeds dominantly via Z s , while for √ s = 160 GeV and above it is dominated by W t . This allows for a separate assessment of the two different production channels via the center-of-mass energy or, respectively, the physics program.
It is interesting to note that we can expect up to O(10 4 ) heavy neutrinos per ab −1 for values of |θ| 2 consistent with the present constraints.
Signatures and searches
In this section, we discuss observable effects from sterile neutrinos at e − e + colliders, which manifest themselves in specific final states with the related production and decay channels, cf. fig. 2 , and the dependency on the active-sterile mixing angles. We refer to these effects as signatures and list them in tab. 3.
In the following, we discuss these and other signatures for sterile neutrinos at future lepton colliders, thereby updating several estimates for the sensitivities of the CEPC and FCCee. 
Lepton-dijet
The heavy neutrino decays via the charged current together with the hadronic decays of the W boson yield the final state α νjj, with the invariant mass of the two jets being consistent with m W . The invariant mass of the visible final states allows to infer the heavy neutrino mass M . For center-of-mass energies above the Z-pole this signature is mainly dependent on |θ e θ α | 2 /|θ| 2 . We show our estimates for the 1σ sensitivity of this signature at 250 and 350 GeV for the CEPC and FCC-ee, respectively, by the orange line in fig. 7 , where we use |θ α | = |θ e | and |θ µ | = |θ τ | = 0. For details on the calculation of the sensitivity we refer the reader to section A.2 in the appendix.
For √ s 90 GeV, this signature is dependent on |θ α | 2 and has been investigated at LEP in ref. [35] . Its sensitivity is included in the dashed purple line, which was obtained from For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung effects and use a (L, R) beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(θ)| ≤ 0.99, with θ being the angle between the heavy neutrino and the lepton beams.
, |θ e | 2 ( * ) Table 3 : Signatures of sterile neutrinos at leading order for e − e + colliders with their corresponding final states, production and decay channels (cf. section 2.2), dependency on the active-sterile mixing parameters. ( * ) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons can be reconstructed.
( * * ) : The dependency on the active-sterile mixing is determined by the center-of-mass energy, i.e. by the physics run of the given e − e + collider.
a trivial rescaling of the DELPHI results by the luminosity, in fig. 7 . This signature has been studied for the ILC in refs. [50, 51] . We note that this final state can be produced by both lepton-number-conserving and lepton-number-violating processes and it might be possible to infer lepton number violation from the kinematic distributions.
Dilepton
The dilepton final state α β νν can be achieved from heavy neutrinos that decay leptonically via the W boson or that decay into two charged leptons via the Z or Higgs boson.
For the W boson decay channel at energies above the Zpole, the resulting process e − e
β νν can be mistaken for the SM process e − e + → W + W − and thus lead to a modified W W -production cross section. In ref. [3] the sensitivity of this channel was estimated for |θ e | = 0 and |θ µ | = |θ τ | = 0 using statistical uncertainties of the W W production cross section (considering only leptonic final states), shown by the green line in fig. 7 .
When the heavy neutrino decays proceed via the Z boson, the invariant mass of the charged lepton pair is compatible with m Z . For the physics runs above the Z-pole, the channel e − e
β νν, where α = β at tree level, constitutes a signal with the SM background given by e − e + → ZZ. The signature yields a "mono-Z boson" candidate that may cause deviations of the SM predicted mono-Z-production cross section. To the best of our knowledge, this signature has not yet been investigated with respect to sterile neutrino searches.
Similarly, for masses M above m h the heavy neutrino can decay via a Higgs boson, which in turn decays into a pair of τ leptons. This yields the signature of a "mono-Higgs" candidate, similar to the one discussed in ref. [13] for a dijet final state (see subsection 3.2.3).
At center-of-mass energies around the Z pole, the dilepton signature is generated from the decays of the heavy neu-trino via off-shell W, Z and Higgs bosons. Its sensitivity is included in the dashed purple line in fig. 7 .
Dijet
The heavy neutrino decays via Z and Higgs boson, which in turn decay hadronically, yields the final state with two jets that have an invariant mass compatible with m Z and m h , respectively, and missing energy due to the light neutrinos escaping detection.
At center-of-mass energies above the Z pole the signal strength is proportional to |θ e | 2 and this signature includes hadronic "mono-Z" and "mono-Higgs" candidates, which contribute to the overall Z and Higgs boson production when the sterile neutrino mass M is larger than m Z and m h , respectively. The sensitivities of the mono-Higgs signature at circular lepton colliders have been investigated in ref. [13] . We refer to this search channel as "mono-Higgs" and denote it by the solid and dashed yellow lines in fig. 7 .
At center-of-mass energies around the Z pole the signal strength is proportional to |θ| 2 and the dijet signature is generated from the decays of the heavy neutrino via offshell Z and Higgs bosons. Its sensitivity is included in the dashed purple line in fig. 7 .
Invisible
A completely invisible decay of the heavy neutrinos is possible via Z boson decays into light neutrinos. This invisible signature can in principle be tested via the spectrum of initial state radiated photons. We remark that the "radiative return" to the Z pole allows to measure the invisible decay width of the Z boson, which is dominated by the decays into light neutrinos and allows for a measurement of the non-unitarity effects from sterile neutrinos with masses larger than m Z (cf. ref. [52] ).
We note that the decays via the Higgs boson into two light neutrinos are possible but suppressed by one more order in the θ α . Presently, they are constrained by Higgs boson branching ratios.
Indirect searches via electroweak precision observables
Sterile neutrinos can be searched for "indirectly" via the electroweak precision observables (EWPOs). Possible future sensitivities can be inferred from the precision of the future experimental measurements and the theory prediction. They are dependent on the parameters |θ e | 2 + |θ µ | 2 and |θ τ | 2 separately. In ref. [3, 12, 53, 54] it was shown that the FCC-ee and the CEPC are sensitive to sterile neutrino masses up to about 60 and 40 TeV, respectively, via the combination |θ e | 2 + |θ µ | 2 , using eq. (3) for neutrino Yukawa couplings O(1). We refer to these estimates for the sensitivities on the active-sterile mixings as indirect searches via the EWPOs and denote them by the solid and dashed blue lines in fig. 7 , which are taken from ref. [3] .
Indirect searches via Higgs boson branching ratios
In the presence of sterile neutrinos with non-vanishing neutrino Yukawa couplings, the total Higgs boson decay width may be enlarged due to the extra decay channels into light and heavy neutrinos, which are dependent on |θ| 2 . Such an enlarged total decay width may decrease the Higgs boson branching ratios into SM particles, which can be measured at future lepton colliders at the Higgs threshold and beyond as is discussed in ref. [3] . The Higgs branching ratio into two W bosons is expected to be the one with the highest precision [55] , and we show the corresponding sensitivity by the red line in fig. 7 from ref. [3] .
Furthermore, sterile neutrinos contribute an invisible decay channel for the Higgs boson, via their decays into three light neutrinos, or when they are sufficiently long-lived to escape the detector. The invisible decay channel of the Higgs boson leads gives rise to the Higgs-to-invisible branching ratio with tiny SM background that can in principle be measured e.g. in the recoil-spectrum of the associated Z boson.
Displaced vertex searches
Heavy neutrinos with masses below the W boson mass and with very small mixings may be sufficiently "long-lived" to give rise to displaced vertices, i.e. the heavy neutrino lifetime allows for decays that feature a visible displacement from the interaction point. Via virtual W , Z and h they decay into the kinematically available SM particles. This displaced secondary vertex constitutes an exotic and powerful signature to search for and is discussed in refs. [56, 57] . We refer to this search channel as the "displaced vertex search" and show its sensitivity for the Z-pole run, which is sensitive to |θ| 2 , by the solid purple line in fig. 7 (taken from ref. [56] ). We note that also for the high energy runs displaced vertex searches are possible. There, however, the production is mostly sensitive to |θ e | 2 whereas the decays depend on all the |θ α |.
LFV signatures
The lepton-flavour-violating decays of a Z boson into two charged leptons with different flavour constitute a clear signal for beyond the SM physics. In the presence of sterile neutrinos, such lepton-flavour-violating decays arise at the one loop level (as discussed in section 2.2.4, LFV is absent at tree level). For the FCC-ee, this signal has been investigated in the context of sterile neutrino models in refs. [58, 59] . Furthermore, also lepton-flavour violating Higgs boson decays into two charged leptons of different flavour may be measurable, see e.g. refs. [60] [61] [62] . 50 
Electron-positron colliders: summary
In the above section we presented and discussed a complete list of the signatures for sterile neutrino searches at e − e + colliders at leading order. Here we summarize our findings, including results from previous works on the prospects of sterile neutrino searches at future e − e + colliders (within the SPSS benchmark model). We have extended and updated the summary plot shown in fig. 7 for the CEPC and FCC-ee in the following ways:
We present first parton-level estimates for the lepton-dijet signature at √ s =250 GeV and 350 GeV for the CEPC and FCC-ee, respectively, by the orange line. We updated the sensitivities for the mono-Higgs signature from ref. [13] for the dijet final state (at the reconstructed level) according to the luminosity goals as given in fig. 4 . This signature is shown for the CEPC and FCC-ee with the solid and dashed yellow lines for √ s =250 and 350 GeV, respectively. The sensitivity estimate for the conventional Z pole search is shown by the dashed purple line, and it was obtained from a trivial rescaling (cf. ref. [3] ) of the DELPHI results. The sensitivity from the displaced vertex searches for sterile neutrinos at the Z pole is taken from ref. [56] and shown by the solid purple lines. The estimates for the sensitivity of the indirect searches from the EWPOs, the Higgs boson branching ratios, and the sensitivity estimate for the dilepton final states at √ s =250 GeV, are from ref. [3] . We note that the Z pole run of an e − e + collider allows to test the active-sterile mixing parameter |θ| 2 , whereas the physics runs at higher energies, starting with the W W threshold scan, are mainly sensitive to |θ e | 2 . The relative strength of the |θ α | can be inferred, e.g. from the leptondijet final states.
We find that the best sensitivity is given by the displaced vertex searches at the Z pole, which can test |θ| 2 as small as ∼ 10 −8 and ∼ 10 −11 at the CEPC and the FCC-ee, respectively, for heavy neutrino masses below m W . It is worth noting that the sensitivity of the FCC-ee in this channel is even closing in on the active-sterile mixing that is expected from the naïve type-I seesaw relation.
Among the direct searches for the physics runs above the Z pole, our estimate for the lepton-dijet signature shows a comparable sensitivity to the dilepton and the mono-Higgs signatures, and allow tests of |θ e | 2 down to ∼ 10 −5 at the CEPC and FCC-ee, respectively. We remark that that the mono-Z signature has not yet been investigated with respect to sterile neutrino searches, but we expect its sensitivity to be similar to the aforementioned direct searches.
The indirect searches for effects from sterile neutrinos via the electroweak precision observables allow to test the combination |θ e | 2 + |θ µ | 2 down to values slightly below ∼ 10
and ∼ 10 −5 at the CEPC and FCC-ee, respectively, and they allow to test masses M above the center-of-mass energy and well into the O(10) TeV range.
We remark that lepton-number-violating processes exist, that contribute to the lepton-dijet and to the dilepton final states. However, they always contain a light neutrino in the final state such that there is no unambiguous LNV signature. Nevertheless, using the different kinematics of signature and background final states with different light neutrino lepton number, it might be possible to find a signal of LNV at e − e + colliders.
We have focused here on circular colliders, however we like to note that also linear colliders such as the ILC or CLIC can efficiently search for sterile neutrinos via the same signatures. The latter will also run at higher energies (cf. fig.  4 ) and therefore their direct searches have an extended mass reach for testing heavy neutrinos, compared to the circular colliders.
Searches at future pp colliders
Hadron colliders are designed to collide protons at highest center-of-mass energies. The currently operating LHC can reach up to 14 TeV center-of-mass energy and with the high luminosity upgrade (HL-LHC), with its construction planned to begin in 2018, it is foreseen to collect 3 ab
of data after 2030 [63] . The currently discussed next generation hadron colliders, the Future Circular hadron Collider (FCC-hh) [64] [65] [66] and the Super proton-proton Collider (SppC) [67] , envisage center-of-mass energies of up to 100 TeV and 70 TeV, respectively, with target integrated luminosities of around 20 ab −1 [68] . Many authors have worked on the search for sterile neutrinos at the LHC, where they are often referred to as "heavy neutral leptons", see e.g. ref. [69] and references therein for an overview. In this section we discuss the signal channels of heavy neutrinos from the third column in fig. 2 and cast a first look at possible sensitivity prospects for sterile neutrino searches at the HL-LHC and FCC-hh/SppC, where we assume for the latter 100 TeV center-of-mass energy and 20 ab −1 total integrated luminosity.
Production mechanism
As discussed in sec. 2.2.1, heavy neutrinos can be produced in hadronic collisions e.g. from Drell-Yan processes (cf. fig.  8 ), from Higgs boson decays, and in gauge boson fusion. The dominating production mechanism for smaller centerof-mass energies is Drell-Yan, while W γ fusion becomes more important at higher center-of-mass energies and for larger M [70] . The Drell-Yan production of a heavy neutrino yields an associated light neutrino or a (negatively or positively) charged lepton, for the production channel Z s or W s , respectively, cf. fig. 2 . The corresponding production cross sections for all the three possible associated leptons are quantitatively similar for the here considered center-of-mass energies and heavy neutrino masses. The exception to this statement is for 50 GeV ≤ M ≤ 200 GeV, where the production cross section σ(pp → νN ) (via Z s ) can be up to an order of magnitude larger than σ(pp → ± N ) (via W s ). We show the sterile neutrino production cross section in proton-proton collisions for Z s , and W s respectively, and W γ fusion in fig. 9 . We remark that W γ fusion is included in the figure despite being higher order, because it becomes relevant for larger masses M whereas the production cross section via Z s and W s are more strongly suppressed for large M due to the high virtuality of the intermediate Z and W bosons [70] . Furthermore, also the heavy neutrino production via the Higgs boson becomes increasingly relevant for large M , and has been shown to dominate over Drell-Yan at √ s = 100 TeV for M > 1.5 TeV, see refs. [71, 72] . Nevertheless, we will focus on the leading order signatures via Z s and W s in the following. : Production cross sections σ N , divided by |θ| 2 , for the process p p → N ν via Zs and W γ, with p being a parton and N a heavy neutrino. Production via W γ fusion becomes relevant for larger heavy neutrino masses despite being higher order than Zs. The production cross section for the process p p → N α via Ws, with α being a charged lepton, is very similar to the one via Zs.
Signatures and searches
In this section, we discuss observable effects from sterile neutrinos at pp colliders, which manifest themselves in specific final states with the related production and decay channels, cf. fig. 2 , the dependency on the active-sterile mixing angles, lepton-number and lepton-flavour violation. We refer to these effects as signatures and list them in tab. 4. In the following we discuss these signatures one by one, including existing search strategies employed for sterile neutrino searches at the LHC. Moreover, we present "first looks" for the 1σ sensitivities of each channel to the sterile neutrino parameters at the parton level for the HL-LHC, and also for the FCC-hh/SppC. We refer the reader to section A.3 in the appendix on the calculation of the sensitivities.
Dilepton-dijet
Heavy neutrino production via W s together with their decays via the charged current gives rise to the semileptonic final state α β jj. The hadronic jets j stem from the intermediate W boson, which is on-shell for M > m W , leading to the dijet invariant mass M jj ∼ m W . The event rate is sensitive to the combination of |θ α | 2 and |θ β | 2 /|θ| 2 through the production and decay channel, respectively, and the flavour indices α, β can be inferred from the charged leptons.
This signature includes "same-sign" dileptons, which violate lepton number by two units and has no SM background, apart from mis-identification (cf. however footnote 4). It has been studied for the LHC [50, [73] [74] [75] [76] [77] [78] [79] and also for luminosities of 1 ab −1 at the LHC and the FCC-hh in [70] . Furthermore, the question of how to infer the CP-phases, mixings, and mass ratios in the neutrino sector using di-lepton events has been discussed in [80, 81] .
The dilepton-dijet signature gives also rise to leptonnumber conserving "opposite-sign" dileptons. We display our first estimate for a possible 1σ sensitivity of the HL-LHC and the FCC-hh/SppC to this signature with the green line in fig. 10 . Therein, we assumed one fixed flavour α with β = α and |θ δ | = 0 for all δ = α.
The final state ± α ∓ β jj for α = β yields an unambiguous signal for lepton flavour violation (at the parton level), as discussed in section 2.2.4 (cf. also [82] , where this signature has been discussed for the "Inverse Seesaw" model at the LHC). We show our estimate for a possible 1σ sensitivity as the solid purple line in fig. 10 . Therein, we assumed |θ α | = |θ β | = 0 and |θ δ | = 0 for δ = α, β. We remark that although this signature has no background at the parton level, due to the finite resolution for the missing momentum at the detector level some SM processes with additional light neutrinos become relevant backgrounds. We consider here as background the dominant ditop production, as detailed in the appendix A. 
Trilepton
The production channel W s can give rise to the final state The decays of a heavy neutrino into a W boson are accompanied by a charged lepton β , and the leptonic decays of the W yield γ ν. In this channel, the three lepton flavour indices are independent from each other, and the observable effects from heavy neutrinos are sensitive to |θ α θ β | 2 /|θ| 2 given that the lepton stemming from the W decay (i.e. γ ) can be identified as such.
We note that this signature may allow to test leptonnumber violation, which may be separable from the leptonnumber conserving channels using differences in the kinematic distributions of the leptons, as studied in ref. [85, 86] .
Furthermore, the final state e µ τ ν yields an unambiguous signal of lepton flavour violation (at the parton level), with SM background only appearing at higher order with two additional light neutrinos in the final state. This final state has been discussed in the context of a radiative neutrino mass model at the LHC in ref. [87] . We display a first estimate for the sensitivity within low scale seesaw models (using the SPSS as benchmark) for the HL-LHC and the FCC-hh/SppC by the blue line in fig. 10 . Therein we assumed |θ α | = |θ β | = 0 and |θ δ | = 0 for δ = α, β for simplicity (and treated the background as detailed in the appendix A.3). Without the backgrounds, sensitivities as small as ∼ O(10 −5 ) and ∼ O(10 −7 ) would be possible for the HL-LHC and the FCC-hh, respectively.
Lepton-dijet
The effects from heavy neutrinos in the final state α νjj are sensitive to the active-sterile mixing |θ α | 2 , and the lepton flavour index can be inferred from the charged lepton. This signature can be created from heavy neutrinos via two different production and decay channels.
The first possibility is the production of the heavy neutrino via W s and its decay via a Z or a Higgs boson into a neutrino and a dijet, with the invariant mass of the two jets M jj ∼ m Z or m h , respectively.
The second possibility is given by Z s , with the subsequent decay of the heavy neutrino via the charged current into a charged lepton and two jets, where the invariant dijet mass M jj ∼ m W , for M > m W . This channel features a resonance in the transverse mass distribution of the ± α jj system at the mass M .
We display first estimates for the sensitivities of the lepton-dijet final state at the HL-LHC and the FCChh/SppC by the red line in fig. 10 .
Dilepton
The final state α β νν, with the neutrinos giving rise to missing transverse momentum, can be created from heavy neutrinos that are produced via Z s , and decay purely leptonically.
In the case of the intermediate boson being a Z or a Higgs the invariant mass M α β = m Z or m h , respectively, and the lepton flavour indices are identical (α = β). This channel may be referred to as a leptonic "mono-Z", or leptonic "mono-Higgs", which both are dependent on |θ| 2 . In the case of the heavy neutrino decaying via the charged current, the leptonic W decay can give rise to the dilepton final state with α = β, which is dependent on |θ α | 2 . We display first estimates for the sensitivity to |θ| 2 of the dilepton final state at the HL-LHC and the FCC-hh/SppC by the cyan line in fig. 10 . The combined contribution from W, Z and Higgs boson decays to the final states is obtained by summing over the flavour indices of the charged leptons. Here, for simplicity, only one of the |θ α | is taken to be nonzero.
Monolepton
The production of a heavy neutrino via W s and its subsequent decay into three neutrinos, via a Z boson, gives rise to the final state of a single charged lepton and missing energy. This signature is dependent on |θ α | 2 , which can be inferred from the charged lepton. It is typically used in searches for dark matter, see e.g. refs. [88, 89] . To the best of our knowledge, it has not been studied before with respect to searches for sterile neutrinos.
We display our own first estimates for the sensitivities of the monolepton final state at the HL-LHC and the FCChh/SppC by the orange line in fig. 10. 
Dijet
The production of a heavy neutrino via Z s and its subsequent decay into two hadronic jets via an intermediate Z or Higgs boson leads to the final state jjνν, with the invariant mass of the dijet M jj ∼ m Z or m h , respectively. This process is dependent on the active-sterile mixing parameter |θ| 2 . It is often referred to as "mono-Z" or "mono-Higgs" depending on the invariant mass of the dijet system, and it is used for "hidden sector" searches at the LHC, see e.g. ref. [90] .
To the best of our knowledge we are discussing the "mono-Z" signature here in the context of sterile neutrinos for the first time. The "mono-Higgs" signature at the LHC has been studied in [91] , however it was found that it is not very promising due to large top-related backgrounds. We display our first estimates for the sensitivities of the mono-Z signature with dijet final state at the HL-LHC and the FCC-hh/SppC by the yellow line in fig. 10 .
Searches via Higgs boson properties
As discussed in section 3.2.6 for the case of the proposed e − e + colliders, searches for sterile neutrinos via Higgs boson branching ratios are also possible (although with less sensitivity) at future pp colliders, as has been studied for the LHC in ref. [92, 93] . Effects of sterile neutrinos on measurements of the Higgs self-coupling have been discussed recently in ref. [25] .
LFV signatures
At the loop level, sterile neutrinos can induce lepton flavour violating decays of the Higgs and Z boson into charged leptons. Searches for heavy neutrinos via these signatures have been studied for the LHC in [61, 62, 94, 95] .
We note that the LFV signatures α β jj and α β γ ν that can occur via heavy neutrinos at tree level are discussed above.
Displaced vertex searches
Heavy neutrinos with M ≤ m W and small active-sterile mixing can be "long lived" such that they decay with a measurable displacement from the interaction point. For integrated luminosities of 0.3 ab −1 these searches at the HL-LHC have been studied in different theoretical frameworks in refs. [96] [97] [98] [99] [100] . The FCC-hh produces a comparable number of heavy neutrinos to the FCC-ee, however, a dedicated analysis of the sensitivity has not been done yet. For a first look at the possible sensitivity of the HL-LHC and the FCChh/SppC to sterile neutrinos via this signature, we proceed analogously to ref. [56] . We assume that vertices with a displacement from the interaction region of at least 1 mm and at most 1 m have no background and can be measured with 100% efficiency (as in [98] ). Furthermore, from the kinematics of the heavy neutrinos we assume an average Lorentz factor of 40 and 100 from proton-proton collisions at 14 and 100 TeV, respectively. We show the estimated sensitivity of the pp colliders to |θ| 2 corresponding to at least four events in fig. 11 . We stress that due to the much more challenging experimental environment, we expect that the signal efficiency will be much lower than at e − e + colliders. For a realistic estimate of the sensitivity a thorough study of the detector response and the backgrounds is required.
Proton-proton colliders: summary
In this section we summarize our findings regarding the sensitivities for sterile neutrinos at future pp colliders, for which we presented a complete list of signatures at leading order in the previous section.
We present here a "first look" at the possible sensitivities of sterile neutrino searches via lepton-number-conserving final states and for sterile neutrino masses larger than 200 GeV in fig. 10 , assuming a total integrated luminosity of 3 ab −1 and 20 ab −1 for the HL-LHC and the FCChh/SppC, respectively. We emphasize that our estimates are calculated at the parton level, and for all the new signatures a more thorough analysis on the reconstructed level should be done in the future. In the figure, the grey dashed horizontal line denotes the present upper bound on the mixing angle |θ τ | 2 at the 90% confidence level.
We note that the hadron colliders are sensitive to |θ e | , |θ µ | and |θ τ | independently, and it is in principle possible to infer the relative strength of the |θ α | e.g. via the lepton-dijet final states.
We find that the HL-LHC can test sterile neutrinos with masses up to ∼ 450 GeV that are compatible with present constraints on active-sterile mixing. The FCC-hh/SppC enhances this mass reach to ∼ 2 TeV. The best sensitivities for M > 200 GeV are given by the lepton-flavour violating dilepton-dijet final states α β jj for α = β, which can test the active-sterile mixing combinations |θ e θ µ | 2 /θ 2 , |θ e θ τ | 2 /θ 2 and |θ µ θ τ | 2 /θ 2 down to ∼ 10 −4 and ∼ 10 −5 at the HL-LHC and the FCC-hh, respectively, for M ∼ 200 GeV. It is interesting to note that already run 2 at the LHC can provide sensitivities ∼ 10 −3 via this channel. The increase in centerof-mass energy from 14 TeV to 100 TeV and in luminosity improves the sensitivities of all signatures.
As for the LHC, we expect that also at future pp colliders the search via displaced vertices is possible for masses M below ∼ 100 GeV. We presented a first look at the possible sensitivities of the HL-LHC and the FCC-hh/SppC in fig. 11 , which show that |θ| 2 as small as ∼ 2×10 −10 and ∼ 3×10
may yield a visible signal at the HL-LHC and the FCChh/SppC, respectively, given a signal efficiency of 100%. Furthermore, the lepton-number-violating final states give rise to exotic signals without SM backgrounds at the parton level, which may in principle provide good prospects for testing sterile neutrinos, but are suppressed by the (approximate) "lepton number"-like protective symmetry.
Furthermore, we expect that for M above about 1 TeV the lepton number conserving but lepton flavour violating dilepton-trijet signature via W γ fusion could also have a competitive sensitivity.
Searches at e − p colliders
Electron-proton colliders are hybrids between e − e + and pp colliders, which consist of a hadron ring with an intersecting electron beam. They allow for a cleaner collision environment compared to the pp colliders and for higher center-ofmass energies than the e − e + colliders. Currently, a future e − p collider is discussed as an upgrade of the LHC, the Large Hadron-electron Collider (LHeC), which comprises a 60 GeV electron beam and possible electron polarization of up to 80% [101] [102] [103] that will collide with the 7 TeV proton beam inside the LHC tunnel. The machine is planned to deliver up to 100 fb −1 integrated luminosity per year at a center-of-mass energy of ∼ 1.0 TeV, collecting ∼1 ab −1 over its lifetime. A more ambitious design for an e − p collider is presently discussed among the Future Circular Collider design study, namely the Future Circular electron-hadron Collider (FCC-eh) [104] , which features a 60 GeV electron beam (higher energies are also possible) that is brought into collision with the 50 TeV proton beam from the FCC-hh. This would result in center-of-mass en- ergies up to 3.5 TeV with comparable luminosities to the LHeC, cf. ref. [105] .
HL-LHC
First studies of right-handed currents and heavy neutrinos in high-energy e − p collisions [106, 107] have been conducted for HERA at DESY, which was the first machine of this kind and operated from 1992 to 2007. They were motivated by extended gauge sectors, such as left-right symmetric models, or quark-lepton unified gauge groups. The discussion of searches for heavy neutrinos at an LHeC-like collider started with ref. [108] soon after the commissioning of HERA. Recently, right-handed neutrino searches at e − p colliders were investigated in the context of seesaw models [109] [110] [111] , effective field theories [112] , and in left-right symmetric [113, 114] theories.
Production mechanism
At e − p colliders the heavy neutrinos can be produced efficiently from the incident electron beam via the production channel W t , see also sec. 2.2.1. When the electron interacts with the quark current of the proton, the heavy neutrino is produced together with a quark jet and we label this channel W t (q) (see in fig. 12 (top) ). On the other hand, W γ-fusion gives rise to a heavy neutrino with a W − boson when the electron interacts with an initial state photon stemming from the proton. We label this channel W t (γ) (see in fig. 12  (bottom) ) and remark that it is suppressed by the parton distribution function of the photon.
Both production channels are dependent on the activesterile mixing parameter |θ e |. We show the production cross section σ N divided by |θ e | 2 for heavy neutrinos via W t and W t (γ) , respectively, at the LHeC and the FCC-eh in fig. 13 as a function of the heavy neutrino mass M . production channel: W t (q) production channel: W t (γ) Figure 12 : Feynman diagrams denoting the production channels for heavy neutrinos in electron-proton scattering at the leading order. The dominant and suppressed production channel proceeds via t-channel W boson exchange and gauge boson fusion, respectively. 
Signatures and searches
In this section, we discuss signatures from sterile neutrinos at e − p colliders, which manifest themselves in specific final states with the related production and decay channels, the dependency on the active-sterile mixing angles, and leptonnumber and lepton-flavour violation. For heavy neutrinos produced via the quark current of the proton, i.e. via the channel W t (q) , we expect "four-fermion final states" while for heavy neutrinos produced via W γ fusion, i.e. via the channel W t (γ) , we expect "five-fermion final states" (at the parton level). We list the signatures for the four-fermion final states in the upper part and the five-fermion final states in the lower part of tab. 5. In the following we discuss the signatures for all the four-fermion final states, and we discuss a few promising five-fermion signatures for comparison. Furthermore, we present first estimates for the possible 1σ sensitivities to the sterile neutrino parameters of the LHeC and the FCC-eh at the parton level.
Lepton-trijet
After the heavy neutrino is produced via W t (q) , its decays via the charged currents yield, with the hadronic decays of the W boson, the final state α jjj. Two of these jets have an invariant mass that is compatible with m W , which might be useful for background rejection. Its production makes this signature dependent on |θ e | 2 , its decays into α to |θ α | 2 /θ 2 in the narrow width approximation. An unambiguous signal for lepton-number-violating processes is given by the final states + α jjj (where lepton number is violated by two units) for which there is no SM background. The lepton-number-violating final state with α = e is studied by [109] [110] [111] [112] [113] [114] for the LHeC, which are however suppressed by the (approximate) protective symmetry.
The signature also includes the lepton-number-conserving case, given by the final states − α jjj, for which we give our estimates for the sensitivity to the neutrino parameters. The lepton-flavour-conserving case with α = e is studied in ref. [109] for the LHeC. We show our estimate for the sensitivity of the LHeC and the FCC-eh via this channel by the green line in fig. 14, assuming |θ 
For the case with α = τ, µ there exists a lepton-flavourviolating signature with no SM background at the parton level, which has been studied in ref. [110] . We remark that due to the finite resolution for the missing momentum at the detector level some SM processes with additional light neutrinos become relevant backgrounds, as detailed in the appendix A.4. In fig. 14 we show the sensitivity for α = τ (to |θ e θ τ | 2 /θ 2 ), assuming |θ e | = |θ τ | = 0 and |θ µ | = 0, by the purple lines for the LHeC (left) and FCC-eh (right). The sensitivity is the same for α = µ, which depends on |θ e θ µ | 2 /θ 2 . Without the backgrounds, sensitivities as small as ∼ O(10 −7 ) and ∼ O(10 −8 ) would be possible for the LHeC and the FCC-eh, respectively.
Jet-dilepton
All the decay channels from the heavy neutrino that is produced via W (q) t can contribute to the jet-dilepton final state j α β ν.
Decays via the Z and Higgs boson result in leptonnumber-conserving final states with α = β, which have an invariant mass of the dilepton system that is compatible with m Z and m h , respectively. These channels are dependent on |θ e | 2 on the cross-section level. Decays of the heavy neutrinos via the W boson are accompanied by a charged lepton α , and the leptonic decays of the W yield β ν. This channel is dependent on |θ e θ α | 2 /|θ| 2 , however, one needs to distinguish the origin of the charged leptons, i.e. identify α as the accompaniying lepton to the W boson. Moreover, it can proceed via lepton-numberconserving or violating processes. The lepton-number and lepton-flavour-conserving final state (with α = e) is studied in ref. [109] . It may be possible to infer the lepton-numberconserving and violating contributions to this signature via the kinematic distributions of the charged leptons as was discussed for the LHC in ref. [86] . Furthermore, the two lepton flavour indices are independent for this channel and can lead to lepton-flavour-violating final states.
The final state j − α + β ν, with α = e and α = β, i.e. when the negatively charged lepton is not an electron, provides a novel unambiguous signal for LFV at the parton level. However, as discussed in section 2.2.4, SM backgrounds with a larger number of light neutrinos in the final state exist, which have to be taken into account. We include a first estimate of the 1σ sensitivity of the j µ τ ν final state by the red line in fig. 14 , wherein we assumed |θ e | = |θ µ | and |θ τ | = 0 (and treated the SM background as discussed in
, |θ e | 2 ( * ) 
Trijet
The trijet final state jjjν, with the light neutrino giving rise to missing transverse momentum, results from W (q) t produced heavy neutrinos that decay hadronically via the Z or Higgs boson. Consequently, the invariant mass of two jets is compatible with m Z or m h , which may be helpful to reject some of the backgrounds. Furthermore in the case of the Higgs decays, the jets are most likely to stem from b quarks and b-tagging may help to further separate the backgrounds. This process is sensitive to |θ e | 2 and its sensitivity to the neutrino parameters via the Higgs decays is denoted by the the orange line in fig. 14. 
Monojet
The production of a heavy neutrino via W (q) t and its subsequent invisible decay into light neutrinos via an intermediate Z boson leads to the final state jννν, a jet and missing energy, referred to as monojet. The Higgs boson can also decay into light neutrinos, which allows to test the Higgs invisible decay width in this channel, but it is suppressed by one further order in |θ α |. The monojet signature from heavy neutrinos is sensitive to |θ e | 2 and our estimate for the sensitivity is shown by the light blue line in fig. 14.
Five fermion final states from W γ-fusion
Heavy neutrinos produced via W γ-fusion (W (γ) t ) give rise to five-fermion final states at the leading order. These signatures are suppressed by the parton distribution function of the photon, however they can include final states with suppressed SM backgrounds. For a complete list of these signatures, including the respective five-fermion final states, de-pendency on the active-sterile mixing parameters, and possible lepton-number and lepton-flavour violation, we refer the reader to the lower part of tab. 5.
As an example of the lepton-number and flavour conserving W γ-fusion signatures we show our estimates for the sensitivity on |θ e | 2 of the lepton-dijet final state − e bbνν, where the b-quarks stem from Higgs decays, by the blue line in fig. 14. We notice that the sensitivity improves strongly with increasing center-of-mass energy.
Furthermore, the following signatures include unambiguous signals of lepton-number and/or lepton-flavour violating final states (at the parton level):
• Lepton-quadrijet in the lepton-number-violating final states jjjj + α or in the lepton-flavour-violating final states jjjj α for α = e provide signals for LNV and LFV.
• The dilepton-dijet final states includes e νν for α, β = e. The above final states have been studied for the LHeC in ref. [109] for the case α = e.
LFV signatures
As mentioned earlier, at the loop level the sterile neutrinos can induce lepton-flavour-violating decays of the Higgs and Z boson into charged leptons. Such searches are in principle also possible at the e − p collider. We note that novel LFV signatures are discussed above in section 5.2.1 on the lepton-trijet, 5.2.2 on the jet-dilepton and 5.2.5 for the lepton-quadrijet signature.
Displaced vertex searches
For a first look at the possible sensitivity of the LHeC and the FCC-eh to sterile neutrinos via this signature, we make the same assumptions regarding the visibility of displacement and the signal efficiency (assumed to be 100%) as in sec. 4.2.9. Furthermore, from the kinematics of the heavy neutrinos we assume a Lorentz factor of 3 and 5 from electron-proton collisions at the LHeC and the FCC-eh, respectively. We show the sensitivity corresponding to at least four events in fig. 15 . We remark that for a realistic estimate of the sensitivity a thorough study of the detector response and the backgrounds is required.
Electron-proton colliders: summary
In this subsection, we summarize our findings regarding the sensitivities for sterile neutrinos at future e − p colliders. In the previous section we have presented a complete list of signatures for sterile neutrinos, which were produced at leading order either from interactions of the electron with the quark current of the proton or from W γ-fusion. We present a "first look" at the 1σ sensitivities for leptonnumber-conserving final states, at the LHeC and the FCCeh with an integrated luminosity of 1 ab −1 each, in fig. 14 for heavy neutrino masses above 200 GeV. We emphasize that our estimates are calculated on the parton level, and for all the new signatures a more thorough analysis at the reconstructed level should be done in the future. In the figure the grey dotted horizontal line denotes the present upper bound on |θ e | at the 90% Bayesian confidence level.
We note that the heavy neutrino production cross section is dependent on |θ e | 2 only, and the relative strength of the |θ α | 2 can be inferred via the relative strength e.g. via the lepton-trijet, and the lepton-quadrijet signature, which are both depending on |θ e θ α | 2 /|θ| 2 . We find that sterile neutrinos with mixings close to the present upper bound can be tested for masses up to ∼ 1 TeV and ∼ 2.7 TeV, at the LHeC and FCC-eh, respectively. The comparison of the sensitivities of the LHeC and the FCCeh for the individual signatures (cf. fig. 14) shows, that an increased proton beam energy improves the sensitivities of the lepton-flavour-conserving signatures, and, especially the maximum sensitivity of the LFV jet-dilepton improves by about two orders of magnitude. We expect that (at least some of) the other W γ-fusion signatures should have sensitivities that might be comparable to the ones shown in the figure.
Although some of the lepton-number-violating signatures do not have SM backgrounds at the parton level, their cross sections are suppressed by the protective symmetry, and we therefore do discuss them here in more detail. The best sensitivity for masses above 200 GeV is obtained from the lepton-flavour-violating lepton-trijet final state, which could test squared active-sterile mixings as small as ∼ 10 −6 for both, the LHeC and the FCC-eh, assuming |θ e | = |θ α |, α = µ, τ . For masses below m W , the best sensitivity can be achieved via displaced vertex searches. We presented a first look at the possible sensitivities of the LHeC and the FCC-eh in fig. 15 , which show that |θ e | 2 as small as ∼ 2 × 10 −8 and ∼ 6 × 10 −9 may be tested at the LHeC and the FCC-eh, respectively, given a signal efficiency of 100%.
Conclusions
In this paper we have systematically analyzed the possibilities of future electron-positron, proton-proton and electronproton colliders for searching sterile neutrinos. We discussed the production and decay channels and provided a complete list of the leading order signatures. Among other things, we discussed several novel search channels and presented first looks at the possible sensitivities for the active-sterile mixings |θ α | and the heavy neutrino mass M . Our discussion of the production and decay channels comprises their dependencies on the active-sterile neutrino mixing parameters, lepton-number-violating (LNV) and lepton-flavour-violating (LFV) effects, vertex displacement and non-unitarity effects.
For our sensitivity estimates we have considered low scale seesaw scenarios with a protective symmetry (using the SPSS as a benchmark) and focused on lepton number conserving signatures, since lepton number violating channels are suppressed by the protective symmetry.
The signatures at the different types of colliders have different dependencies on the θ α : In particular, the e − e + colliders are sensitive to |θ| 2 = α |θ α | 2 at the Z pole and to |θ e | 2 at higher energy runs, the pp colliders can individually test the |θ α | 2 , and the production of heavy neutrinos at e − p colliders is always proportional to |θ e | 2 .
A summary and comparison of selected estimated sensitivities is shown in fig. 16 . We have found that the best sensitivity to |θ| 2 can be reached by electron-positron colliders such as the FCC-ee via displaced vertex searches, where it is sensitive to |θ| 2 ∼ 10 −11 for M below m W . For the sensitivities of the pp and ep colliders via displaced vertex searches, see figs. 11 and 15. Above the W mass, the best reach can be achieved by e − p colliders such as the FCC-eh via the LFV lepton-trijet signatures µ − jjj and τ − jjj, which are sensitive to |θ e θ µ | 2 /θ 2 and |θ e θ τ | 2 /θ 2 down to ∼ 10 −6 for M ∼ 200 GeV. pp colliders like the FCC-hh can additionally test |θ µ θ τ | 2 /θ 2 and reach ∼ 10 −5 for M ∼ 200 GeV with the LFV dilepton-dijet signature α β jj. It is also interesting to note that already run 2 at the LHC might provide sensitivities ∼ 10 −3 for the parameter combinations |θ e θ µ | 2 /θ 2 , |θ e θ τ | 2 /θ 2 and |θ µ θ τ | 2 /θ 2 via this channel.
Regarding the sensitivity reach to M , we compared the sensitivity of the signatures with the (weakest) relevant present constraints on the mixing parameters, i.e. with the bounds on |θ τ | for the FCC-hh and on |θ e | for the FCCeh. The highest mass reach is possible for the FCC-ee with the indirect searches via the EWPOs, which could strongly improve the present sensitivities on |θ e | and |θ τ | and use them to probe M up to values up to about 60 TeV (for |y να | = O (1) β jj, α = β yields sensitivities to the active-sterile mixing parameter combinations |θαθ β | 2 /|θ| 2 , and it is shown by the red lines. The lepton-trijet signature at the e − p colliders with final states − α jjj, α = e is sensitive to |θeθα| 2 /|θ| 2 , and it is shown by the brown lines. Finally, for very large heavy neutrino masses the best sensitivity is given by the EWPO measurements at the FCC-ee. The solid and dashed horizontal blue line denotes the sensitivity to |θe| 2 + |θµ| 2 and |θτ | 2 , respectively. states in one or more channels, one can start to attack the next challenge, which would be to test the sterile neutrino properties, i.e. their active-sterile mixings and mass. For various of the discussed channels sterile neutrinos cause a "bump" in the relevant kinematic distributions, which can give direct access to the mass of the heavy neutrino. Different combinations of the mixing angles |θ α | can be probed via the various signatures. This also shows the great complementarity between the different collider types, which not only allow to probe different mass ranges, but also different mixing angle combinations. events for each benchmark mass for the signal distribution and 10 5 to 10 6 events for the background distributions. For the simulation we used the Monte Carlo event generator WHIZARD 2.2.8 [48, 49] . We emphasize that for a first look at the sensitivities we have restricted ourselves to partonlevel estimates. On the one hand, we are likely to underestimate the backgrounds due to detector, interference, and hadronization effects. On the other hand, in some channels one might gain sensitivity by optimizing cuts on other kinematic variables.
A.1 Calculation of the sensitivity
When several processes x i (i > 1) with individual sensitivities s xi to the sterile-active parameters contribute to the same final state, a combined sensitivity of the final state, labelled s x , is obtained in the following way:
This implies the underlying assumption that the contributions from each process x i allow for a separate test of the signal-strength. In order to obtain the individual sensitivity s xi for each process x i , we consider the transverse momentum 5 (P t ) of a lepton if one is present, and otherwise that of a Z and Higgs boson for both, the signal and the background. We then identify an interval in the P t distribution that maximizes the significance
with N S being the number of signal events that is proportional to |Θ| 2 (where the parameter |Θ| 2 depends on the considered production-and-decay channel, cf. tab. 2) and N B being the number of background events, for a given luminosity and a benchmark value for |Θ| 2 . The resulting significance corresponds to a heavy neutrino signal at the nσ level. The 1σ sensitivity s xi of the process x i to the sterile neutrino parameters is the value of |Θ| 2 that corresponds to a significance of n = 1 and it is obtained by solving eq. (19) for |Θ| 2 . The considered heavy neutrino signatures given in tab. 3, 4, and 5 include the production-and-decay channels x i , which are given by the production of a heavy neutrino via Z s , W t , or W s and its subsequent decay into νZ, W, and νh.
The cross sections of the considered SM backgrounds at pp and e − p colliders are listed tab. 7, and 9, respectively, where for the lepton-flavour-conserving signatures we only consider the electron flavour for simplicity. For a given final state that only includes charged leptons, neutrinos, and jets, the background process' cross section is multiplied by the appropriate branching ratios, for which we use:
A.2 Electron-positron collisions
For e − e + colliders we calculate a new sensitivity estimate for the lepton-dijet signature, as given in tab. 3. It receives contributions from the decays of the heavy neutrino via W , together with the hadronic decays of the W boson into two jets.
We simulate the inclusive final state e − νud for a heavy neutrino benchmark mass of 95, 145, 195 , and 245 GeV for √ s = 250 GeV, and additionally for M = 295, and 345 GeV for √ s = 350 GeV, using a benchmark value for the activesterile mixing. Furthermore, we considered the integrated luminosities according to the modi operandi given in fig. 4 . We considered the invariant mass distribution of the e − jj system, M e − jj with a bin size of 2 GeV. We show some example distributions for √ s = 350 GeV in fig. 17 , which generally feature a peak in the number of events per bin for M e − jj M . We identify the bins that correspond to the mass M , from which we get the number of signal and background events, N S+B . We obtain the number of background events N B by assuming a smooth background distribution and interpolating it around the signal bins. With the number of signal events N S = N S+B −N B we obtain the sensitivity as described in section A.1. To account for the processes e − νsc, e + νdū, and e + νsc we assume that they all have identical distributions and cross sections, and multiply both, N S and N B with a factor of four.
For the heavy neutrino masses below ∼ m W , the background distribution of M e − jj is effectively zero.
We have therefore assumed that for M = 10 GeV no background exists, and use the number of signal events (σ M =10 GeV − σ SM ) L int , with the cross sections σ and the integrated luminosity L int . We show the cross sections of the processes for the benchmark value of the active-sterile mixing |θ e | 2 = 0.042, |θ µ | = |θ τ | = 0 in tab. 6. 
A.3 Proton-proton collisions
The list of signatures for which we calculate the sensitivities is given in tab. 4. Therein, each production-and-decay channel x i contributes separately, and we simulate signal and background events to obtain the individual sensitivities s xi , as discussed in sec. A.1. We are working in the narrow width approximation where it is sufficient to consider Z, W, and Higgs bosons that are produced on the mass shell, together with the two accompanying leptons , ν, or νν as "intermediate states". For the simulation at the HL-LHC and the FCC-hh/SppC we used the built-in PDF CTEQ6L that are included in the WHIZARD package. For the heavy neutrinos we considered the following benchmark values: 200, 400, 700, 1300 GeV for the HL-LHC, and 200, 400, 1000, 2000 GeV for the FCChh/SppC. For the SM background cross sections we used the values shown in tab. 7, where we limit ourselves to the electron flavour for the lepton-flavour-conserving signatures for simplicity.
From the intermediate states we maximise the significance by cuts on the transverse momentum of a charged lepton if one is present. For the intermediate states ννZ, and ννh we optimise the transverse momentum of the Z, or Higgs boson. We show some example distributions for the SM background and the signal in fig. 19 for the benchmark masses M = 200, 400 and 1000 GeV at the FCC-hh/SppC with an integrated luminosity of 20 ab −1 . Therein, the active-sterile mixing angle is tuned to the value that results in a significance of 1 after the kinematic cuts, which are shown by the shaded areas. We display a list of the optimised cuts on the considered transverse momentum of the charged lepton (or the Z or Higgs boson if none is present) in tab. 8 .
To obtain the event numbers of the final state from the intermediate state, we multiply with the appropriate branch- ing ratios in eq. (20) .
We discuss the lepton-number-conserving signature lepton-dijet (plus missing energy) at a pp collider as an example. It receives contributions from the production-anddecay channels ν W , ν Z, and ν h, with individual sensitivities s ν W , s ν Z , and s ν h , respectively. We combine their sensitivities using the hadronic branching ratios of the W and Z boson: 
The sensitivity of the lepton-number-conserving and lepton-flavour-violating final state ± α ∓ β jj is obtained without optimising kinematic cuts. As irreducible background we consider the process pp → tt, with the top quarks yielding b-jets and W bosons. We multiply the production cross section with the leptonic branching ratio of the W bosons, and consider a b-tag veto with an efficiency of 0.3 per jet. We simulate the final state ννbb, of which we display the missing transverse momentum in fig. 18 for the LHC and the FCC-hh/SppC. We veto all the events with missing P t > 20 GeV, which results in ∼ 800 and ∼ 6 × 10 4 events for the LHC and the FCC-hh/SppC, respectively.
A.4 Electron-proton collisions
The list of signatures for which we calculate the sensitivities is given in tab. 5. Therein, each production-and-decay channel x i contributes separately, and we simulate signal and background events to obtain the individual sensitivities s xi , as discussed in sec. A.1.
In the narrow width approximation it is sufficient to consider Z, W, and Higgs bosons that are produced on the mass shell as "intermediate states".
We consider an unpolarised electron beam at 60 GeV and a proton beam with an energy of 7 and 50 TeV for the LHeC and FCC-eh, respectively. We use the built-in PDFs For the lepton-number-conserving and lepton-flavourviolating final state jµ − τ + ν we considered the SM background to be given by the higher order process e − p → jµ − τ + ννν. We optimized its sensitivity via the transverse momentum of the µ − .
The sensitivity for the lepton-number-conserving lepton-flavour-violating signature − α jjj, α = e is obtained without kinematic cuts. As irreducible backgrounds we consider the processes e − p → jW − V ν, with the leptonic decays of the W − and the hadronic decays of the vector boson V = W ± , Z. We simulated 10 6 events for the three backgrounds and display the resulting distribution of the missing transverse momentum in fig. 20 . We veto all the events with missing P t > 20 GeV, which results in ∼ 100 and ∼ 800 events for the LHeC and the FCC-eh, respectively. 10 GeV, and the momentum transfer between initial state parton and final state jet is required to be larger than 20 GeV (to avoid numerical singularities). The SM processes jµ − τ + ννν and jW − V ν, with V = W ± , Z constitute the background for the lepton-number-conserving leptonflavour-violating final states jµ − τ + ν and µ − jjj, respectively. 
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